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The feasibility of monitoring the permeation of chain perdeuterated 1,2-dipalmitoylphosphatidylcholine (DPPC-d62)
and 1-palmitoyl-d31, 2-oleoylphosphatidylcholine (P-d31OPC) vesicles into pigskin using infrared (IR) microscopic
imaging and confocal Raman microscopy was demonstrated. The former technique permits the examination of the
relative concentration of molecular species (e.g., endogenous and exogenous lipids and proteins) over spatial
areas, 1 mm, with a spatial resolution of 10–12 lm. In contrast, Raman microscopy allows the confocal ex-
amination of tissue at depths up to 100 lm with a pixel size of about 2–3 lm3. Spectral signal/noise, however, is
reduced from IR and significantly smaller areas are generally monitored. The permeation of the gel phase DPPC-d62
was limited to 5–15 lm, whereas the liquid-crystalline phase P-d31OPC permeated to substantially greater depths
(35–100 lm), at times ranging up to 24 h after application. The results are generally in accord with literature values.
In addition, the state of the P-d31OPC (intact vesicles or molecularly dispersed with skin constituents) was eval-
uated from the spatial dependence of the deuteriopalmitate chain conformational order. Upon permeation, the
chains became more ordered. The advantages and limitations of these imaging technologies are discussed.
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The determination of permeation pathways for exogenous
substances and the development of methods for controlled
drug delivery are two major current research areas in der-
matology and in skin biophysics. Drugs often exhibit low
penetration rates through the stratum corneum (SC), the
outermost layers of the epidermis and the main barrier to
permeability through skin. One strategy for improving trans-
port rates is the use of penetration enhancers. Substances
such as dimethyl sulfoxide (DMSO), oleic acid, terpenes,
and 1-dodecylazacycloheptan-2-one (Azone) have served
this purpose. A second strategy involves the use of lipid
vesicles for encapsulating substances of interest. This ap-
proach was first reported over 20 years ago (Mezei and
Gulasekharam, 1980, 1982) and has since been widely in-
vestigated. Reviews have been published recently (Schrier
and Bouwstra, 1994; Bouwstra et al, 2003). A recent ex-
ample is the work of Zhigaltsev et al (2002), who used cat-
ionic large unilamellar vesicles to promote doxorubicin
release from anionic large unilamellar vesicles. In general,
the mechanism of vesicle permeation through the SC is
unclear. The initial suggestion of Mezei and Gulasekharam
(1980, 1982) that vesicles permeate intact through the SC
into the epidermis, was subsequently challenged. For ex-
ample, Lasch et al (1992); Zellmer et al (1995) suggested
that intact liposomes do not penetrate deeper than the SC.
The traditional methods for evaluation of skin permeation
involve measuring the delivery of radioactive materials
through the skin, or less quantitatively analyzing sequential
‘‘tape-strips’’. Both methods lack spatial resolution and
provide neither molecular structure information about phys-
ical factors that may control enhancer performance nor in-
sight into the mechanism of permeation (i.e., permeation
pathways). Certainly, neither approach is optimal for the in-
vestigation of liposomal delivery in skin. In the past decade,
however, a variety of modern biophysical approaches have
provided some insight into these issues.
For example, Hofland et al (1995), using electron mi-
croscopy (EM) and small angle X-ray scattering techniques,
noted two types of interaction—adsorption of liposomes to
the outer SC surface and ultrastructural changes in deeper
layers caused by mixing of the liposome constituents with
the SC lipids. In addition to the above use of EM, micros-
copy techniques based on fluorescence, e.g. confocal laser
scanning microscopy (CLSM) (Veiro and Cummins, 1994) or
two photon fluorescence microscopy (TPFM) (Yu et al,
2003), provide optical sectioning of skin without the need
for physically microtoming the sample. Verma et al (2003a)
used CLSM to study the mechanism of transport of a hy-
drophilic drug model entrapped in liposomes into the skin.
The data suggested that liposomes transported the car-
boxyfluorescein dye into the SC and perhaps slightly into
the viable epidermis. Hanson et al (2002) used TPFM im-
aging of the SC to monitor the pH gradient in skin. As a
Abbreviations: CLSM, confocal laser scanning microscopy; DPPC-
d62, chain perdeuterated 1,2-dipalmitoylphosphatidylcholine; EM,
electron microscopy; IR, infrared; P-d31OPC, 1-palmitoyl-d31, 2-
oleoylphosphatidylcholine; SC, stratum corneum; TPFM, two pho-
ton fluorescence microscopy
Copyright r 2005 by The Society for Investigative Dermatology, Inc.
622
medical diagnostic, these microscopic methods will offer
the opportunity for examination of skin lesions prior to
biopsy.
A major advantage of fluorescence-based imaging
techniques is that submicron spatial resolution may be
achieved. But a limitation is that since only the fluorophore
is detected, and this is normally present as an exogenously
added molecule, direct molecular structure information from
the endogenous skin constituents is not available. An ex-
ception utilizes the autofluorescence of skin in which the
detected signal originates from endogenous materials such
as nicotinamide adenine dinucleotide ‘‘NAD’’ and flavin
adenine dinucleotide ‘‘FAD’’ (Kollias et al, 1998).
The recent development of infrared (IR) and Raman
microscopy-based imaging approaches (Lewis et al, 1995;
Salzer et al, 2000) provides the significant advantages
of direct spatially resolved concentration and molecular
structure information for sample constituents. Raman
microscopy possesses the additional benefit of confocal
acquisition of this information presenting the possibility for
in vivo evaluation of drug delivery mechanisms and medical
diagnosis. The applicability of confocal Raman microscopy
as a non-invasive optical method for the study of skin has
been elegantly demonstrated by the Puppels group who
monitored the variation of water concentration in the SC
and in the underlying epidermis at penetration depths up to
100 mm (Caspers et al, 2003), as well as identification of the
natural moisturizing factor (Caspers et al, 1998, 2001). More
recently, the same group reported temporal and spatial
variations for the penetration-enhancer DMSO in the SC
(Caspers et al, 2002). We have recently used this approach
to detect the spatial distribution of S–S bonds from skin
proteins at a depth of  10 mm below the surface and to
map the depth (axial) dependence of chain conformational
order in the endogenous lipids (Xiao et al, 2004).
In contrast to Raman scattering, IR microscopic imaging
is unsuited to confocal applications and therefore is limited
in terms of in vivo potential. The approach, however, permits
sampling of much greater areas (up to a few millimeters) at
higher signal-to-noise ratios than Raman (convenient sam-
pling areas  50 mm), albeit at lower spatial resolution
(  10–12 mm in the IR vs  1–2 mm in the Raman). Under
ideal conditions, for example, when the thickness of the
microtomed skin sections is known, the double beam na-
ture of the IR experiment also allows for the determination
of absolute concentration values for both exogenous and
endogenous molecular species. Careful sectioning of skin
for IR imaging (  5 mm thickness) is required so that arti-
facts are not introduced. Differences between the sampling
protocols for the two vibrational approaches and the often-
complementary spectral information obtained, i.e. some
Raman active modes are not IR active and vice versa, make
it beneficial to apply both techniques. We have used IR
microscopy to map the spatial distribution in skin of the
penetration enhancers DMSO and propylene glycol (Men-
delsohn et al, 2003).
In these experiments, the combination of confocal Ra-
man microscopy and IR microscopic imaging is used to
monitor the permeation of exogenous phospholipids vesi-
cles applied topically to skin. Acyl chains isotopically labe-
led with deuterium provide a unique spectral signature (the
carbon–deuterium (C–D) stretching vibrations), which is ex-
tremely useful for both vibrational imaging applications
(depth of penetration) and for evaluation of the physical
state of the exogenous material. The approach was applied
in earlier studies of phase behavior in model ceramide mix-
tures (Moore et al, 1997a, b) and studies by Harrison et al
(1996) of perdeuterated ‘‘Azone’’-induced fluidity in the SC.
Results
IR microscopic imaging The quality of IR spectra from
which images are derived is demonstrated in Fig 1. An op-
tical micrograph of an unstained skin section to which chain
perdeuterated 1,2-dipalmitoylphosphatidyl choline (DPPC-
d62) multilamellar vesicles had been topically applied is
shown in Fig 1A. A series of IR spectra ( 850–2300 cm1)
taken at 6.25 mm intervals along the line shown in Fig 1A are
displayed in Fig 1B. The arrow in Fig 1B tracks the se-
quence of spectra acquired along the direction and length
of the arrow in Fig 1A. Spectra have neither been smoothed
nor otherwise altered but have had their baselines linearly
flattened between the two end points. The high quality of
the spectral data is evident. The mean signal-to-noise ratios
for the strong features are about 950/1. Spectral features
relevant to this analysis include the CD2 symmetric
and asymmetric stretching modes from the exogenous
DPPC-d62 at 2090 and 2190 cm1, respectively. The first
25 spectra in Fig 1B are acquired from regions of essen-
tially pure liposomes. Other strong bands include the pep-
tide bond Amide I and II modes near 1655 and 1550 cm1,
respectively. These modes are predominant in the regions
containing skin. Figure 1C depicts the C–H stretching region
(2800–3100 cm1) along the same line of spectra. As the
spatial position progresses from outside the air/skin in-
terface toward the dermis, many spectral alterations are
noted. In regions where liposome concentration is high
(deduced from the CD2 stretching mode intensity in Fig 1B),
weak, residual, isolated C–H stretching modes from the
(incompletely) DPPC-d62 vesicles are observed in Fig 1C
near 2890 cm1. Moving toward the SC and then to the
epidermis (direction of the arrow in Fig 1C), CH2 stretching
modes from methylene chains are initially observed near
 2850 and 2920 cm1, and then are superseded in the
epidermis by protein methyl stretching bands near 2880 and
2955 cm1. The intense band near 3070 per cm in the ep-
idermis underlying the SC and in the dermis arises from
protein, most likely keratin and collagen, respectively.
The location of particular tissue regions may be deduced
in several ways. In this case, a simple univariate approach
tracked the intensity variation of specific spectral features
expected in particular tissue regions. The method is dem-
onstrated in Figs 2A–D. In Fig 2B, a spectrum of the CH
stretching region from a lipid-dominated region of the SC is
depicted. The spectrum was taken from the spot marked as
‘‘x’’ in Fig 2A. The peak position of the CH2 symmetric
stretching peak (  2848 cm1) reveals the presence of
conformationally highly ordered (all-trans chain) lipids,
known to be characteristic of the SC (Moore et al,
1997a, b). The image of this peak intensity (Fig 2A, bright-
est regions) provides an excellent delineation of this tissue
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region. Details of the image measurement are elaborated
upon in Fig 2C, where a histogram of intensity values for the
CH2 symmetric stretching peak heights is shown. The gray
scale image in Fig 2A was constructed from points between
the vertical dashed lines in the histogram. Values close to
zero and at the high end of the absorbance scale were
omitted. Analogous procedures were followed for other im-
ages presented in this work.
The location of the exogenous DPPC-d62 liposomes de-
duced from the image of the peak intensity of the CD2
symmetric stretching intensity at 2092 cm1 is shown in
Fig 2D. Excellent correspondence is evident between a
lightly shaded area exterior to the SC seen in the optical
micrograph (Fig 1A) with the image in Fig 2D. The chemical
content of this region of the optical image is thus immedi-
ately identified.
To evaluate the extent of permeation of 1-palmitoyl-d31,
2-oleoylphosphatidylcholine (P-d31OPC) or DPPC-d62 in the
skin, two procedures have been used, leading to consistent
results. In Fig 3A, the spatial variation of the CD2 peak
height for P-d31OPC along a line of spectra from above the
surface (liposome reservoir area), through the SC, into the
epidermis and the dermis, is compared with the spatial
variation of the Amide II intensity (arising from skin proteins)
along the same line of spectra. Also included in the figure is
a shaded bar depicting the width and location of the SC
deduced from the optical image along the line of spectra.
The permeation of P-d31OPC extends beyond the SC, and
 10–15 mm into the epidermis.
Similarly, in Fig 3B, the spatial variation of the CD2 peak
height (DPPC-d62 liposomes) along a line of spectra is
compared with (i) the CH2 peak height arising from endog-
enous lipids and (ii) the Amide II intensity arising from skin
proteins, along the same line of spectra. Again included in
the figure is a shaded bar depicting the width and location
of the SC deduced from the optical image in Fig 1A at the
location of the line of spectra. The permeation of DPPC-d62
is limited to 1/2 the width of the SC, i.e. 10 mm. This is
substantially reduced from P-d31OPC. We note that the CH2
peak height is not well suited for imaging of the P-d31OPC
since the oleate chains in the exogenous lipids contribute to
this vibrational mode.
A more global method for evaluation of permeation is
depicted in Fig 4, where a complementary color plot is de-
picted. In this instance the CD2 stretching intensity is de-
picted in red/orange for the exogenous lipids, DPPC-d62 in
Fig 4A or P-d31OPC in Fig 4B, and are superimposed with
images of the protein Amide II shown in green for each
panel. Zones where these colors overlap thus appear yellow
in these Figures and provide an image of spatial regions
occupied by both exogenous lipids and skin. Regions of
yellow appear for both samples; however, it is evident that
the overlapped areas are much wider and more diffuse in
the samples with exogenous P-d31OPC. The DPPC-d62/skin
Figure1
Infrared (IR) imaging analysis of chain perdeuterated 1,2-dip-
almitoylphosphatidylcholine (DPPC-d62) vesicles applied to pig-
skin. (A) Optical micrograph (875  720 mm) of a 5 mm thick pigskin
section with DPPC-d62 vesicles applied to the surface. The arrow (from
the vesicle reservoir, through stratum corneum and viable epidermis,
into the dermis) indicates the position and sequence from which the
spectra are selected at 6.25 mm intervals. (B) Offset IR spectra of the
800–2300 cm1 region and (C) offset IR spectra of the C–H stretching
region (2800–3105 cm1), both follow the sequence indicated by the
arrow. Eight scans were acquired for the spectra shown in (B) and (C).
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samples reveal sharper, more intense overlapped regions in
which the exogenous lipids are confined to the SC, whereas
the P-d31OPC penetrates into the epidermis. The benefit of
this approach is that the extent of permeation over relatively
large spatial areas may be examined quickly but qualita-
tively. If quantitative permeation information at particular
sites is needed, spectra from particular lines in the image
may be analyzed as in Fig 3.
Confocal Raman microscopic imaging The Raman spec-
tral quality achieved with this confocal setup is demon-
strated in Fig 5. A series of 26 spectra of P-d31OPC on skin
were acquired every 3 mm to an overall depth of 75 mm.
Every second one of these is overlaid in Figs 5A and B.
Figure 5A depicts the 800–1800 cm1 spectral region,
whereas Fig 5B displays the CD2 stretching region (2000–
2280 cm1). Spectral features arising from both skin and
liposome contributions are readily evident in the data. As in
the IR spectra, the CD2 and CD3 stretching vibrations aris-
ing from the perdeuterated palmitate chain in P-d31OPC are
observed between 2080 and 2220 cm1. The intensity of
these modes falls off with distance from the surface and
permits the direct measure of the depth of penetration of P-
d31OPC. Other features of current interest are the Phe ring-
breathing vibration near 1004 per cm, a convenient monitor
for proteins found in the skin, along with the Amide I mode
near 1652 cm1. In regions where exogenous lipid is also
present, this mode is overlapped with sharper C¼C stretch-
ing modes of the oleate chains.
Unlike the IR spectra, where the optical image of the SC
is clearly delineated, the physical sampling used in the Ra-
man experiment (data collected in a confocal manner be-
neath the skin surface) precludes the acquisition of a
meaningful optical micrograph. Evaluation of P-d31OPC
permeation thus requires a Raman-based measure of the
location of the skin surface. The position of the air/skin in-
terface is best revealed from the onset of the Phe ring
breathing mode intensity, as shown in Fig 6B for three con-
focal line maps separated from each other in a direction
parallel to the skin surface by a few microns. These data are
compared with the three confocal line maps of the CD2
intensity from P-d31OPC, as displayed in Fig 6A. Several
interesting features are noted. First, the skin surface occurs
at a position  10–12 mm beneath the surface of the lipo-
somes, where the Phe intensity begins to increase (as
shown in Fig 6B). Second, the penetration depth of the
P-d31OPC is at least 35–40 mm (signal being observed out
to a total distance 45–48 mm), a depth comparable with
that observed from the IR data. As we and others have
shown previously (Everall, 2000a, b; Xiao et al, 2004), optical
Figure2
Infrared (IR) spectral imaging analysis to identify stratum corneum
and chain perdeuterated 1,2-dipalmitoylphosphatidylcholine (DPPC-
d62) vesicles applied to pigskin. (A) IR spectral image of the peak
intensity for the CH2 symmetric stretching mode at 2848 cm
1 for the
pigskin section shown in Fig 1A. The bright areas in the image highlight
the stratum corneum region of the skin containing conformationally
ordered lipids. (B) IR spectrum of the C–H stretching region obtained
from the area marked ‘‘x’’ in (A). The dashed line is positioned at 2848
cm1 where the peak height measurements used to construct the
image were made. (C) The histogram detailing the intensity values
measured at 2848 cm1. The dashed lines enclose the regions used to
construct the image shown in (A). (D) IR spectral image of the peak
intensity for the CD2 symmetric stretching mode at 2092 cm
1 with the
bright areas revealing the location of the DPPC-d62 liposome reservoir
outside the skin.
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artifacts induced by refractive index gradients in the sample
tend to lead to an underestimate of the permeation by 15%–
20% so that a lower bound for the observed permeation
for this particular experiment is better estimated at
40–48 mm.
Confocal Raman spectra for DPPC-d62/skin are shown in
Figs 7A and B. Differences in the spectra in the lower fre-
quency regions shown in Figs 5A and 7A arise primarily
from the presence of vibrations of the proteated oleate
chain of P-d31OPC (Fig 5A). Comparison of the CD2/CD3
stretching region in Figs 5B and 7B (spectra are plotted at
similar confocal distance intervals in each case) immedi-
ately reveals that the P-d31OPC penetrates substantially
deeper than the DPPC-d62. This result is demonstrated
more quantitatively in Figs 6C and D. In Fig 6D, the location
of the liposome/skin interface is indicated at  20–25 mm
below the liposome surface, whereas the DPPC signal
(Fig 6C) approaches zero at a location of  37–42 mm. The
overall (uncorrected for refractive index variation) penetra-
tion is thus 17–22 mm or about 60% of that noted for P-
d31OPC, when a 15%–20% correction is added for the ef-
fects of refractive index variation on the scattering intensity.
To evaluate uncertainties in the depth permeation meas-
urement induced by refractive index variations in the skin,
lateral Raman line plots of permeation were acquired (from
a microtomed skin sample) as discussed in the Materials
and Methods and are shown in Fig 8. Two lateral line plots
are shown for each exogenous phospholipid, which had
been topically applied to skin. In this instance, data were
collected at a depth of 10 mm below the surface to minimize
the possible effects of tissue damage caused by the mi-
crotome. Spectra were acquired at 3 mm intervals along
lengths ranging from 60 to 250 mm. A comparison of the
Figure 3
Depth variation in infrared (IR) intensity values to detect vesicle
permeation into pigskin. Values are shown for a line of spectra drawn
across an image of (A) 1-palmitoyl-d31, 2-oleoylphosphatidylcholine (P-
d31OPC) and (B) chain perdeuterated 1,2-dipalmitoylphosphatidylcho-
line (DPPC-d62) vesicles applied to pigskin. The locations of the stratum
corneum along each line as determined from optical images are shown
in the respective shaded rectangular areas. The intensity values for the
CD2 and CH2 symmetric stretching modes, and the Amide II band are
each scaled separately. The intensity of the CH2 symmetric stretching
mode (2848 cm1) as a function of depth is only shown for the DPPC-
d62 application in (B).
Figure4
Complementary color images constructed from infrared (IR) im-
aging data of lipid vesicles applied to pigskin. (A) Chain perdeute-
rated 1,2-dipalmitoylphosphatidylcholine (DPPC-d62) and (B) 1-
palmitoyl-d31, 2-oleoylphosphatidylcholine (P-d31OPC) vesicles applied
to pigskin with the IR CD2 symmetric stretching mode intensity shown
in red/orange and the Amide II mode arising from skin proteins shown
in green. Regions of overlap appear yellow.
626 XIAO ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
CD2 intensity from P-d31OPC with the Phe ring mode in-
tensity is shown for two separate experiments in Figs 8A
and B. The SC (as determined from the variation in the in-
tensity of the Phe mode) is located at a position of 3–5 mm in
Fig 8A and at 60–80 mm in Fig 8B. The permeation of P-
d31OPC in Fig 8A is deduced from the intensity variation of
the CD2 stretching mode. Intensity from this spectral feature
appears to persist until a horizontal position of 40 mm (thus
a permeation depth of about 35–37 mm). An analogous
situation is observed in Fig 8B, although the extent of
permeation is much greater, with CD2 peak intensity
still noticeable at a location of 160 mm, i.e. at 80–100
mm below the liposome/skin interface. The intensity varia-
tion for the CD2 mode in both samples (Figs 8A and B)
parallels that of the Phe ring mode remarkably well and in
the second sample thus reveals the presence of the ex-
ogenous phospholipid at deep locations.
At first glance, this result suggests, somewhat surpris-
ingly, that the exogenous lipid location parallels that of skin
protein. But the degree of spatial resolution achieved using
the current Raman microscope (1–2 mm) would not allow the
 0.50 mm thick corneocytes to be distinguished from the
intercellular lipid bilayers (perhaps 0.05 mm thick). It is pos-
sible that refractive index or concentration gradients within
the tissue lead to altered Raman scattering as these regions
are laterally traversed, and the increased intensities from
both the Phe and P-d31OPC modes reflect this phenome-
non. Similar comments pertain to the sample displayed in
Fig 8A, although in that instance the permeation limit is
 35–37 mm below the interface, rather than the 80–100 mm
seen in Fig 8B.
As confirmation that the permeation of P-d31OPC is
substantially greater than for DPPC-d62, similar lateral map-
ping experiments were performed for DPPC-d62 and are
presented in Figs 8C and D. As in Figs 8A and B, the extent
of permeation of the exogenous lipid is deduced by com-
paring the CD2 stretching intensity spatial distribution with
that of the Phe mode from skin proteins. The location of the
liposome/skin interface, as deduced from the intensity var-
iation of the latter mode, is at a horizontal position of  6–8
mm in Fig 8C. The permeation in this instance is very limited,
certainly less than 5 mm. This depth is deduced by noting
that the maximum in the Phe line intensity near  15 mm
has no counterpart in the CD2 line intensity, indicating the
Figure 5
Confocal Raman spectra of 1-palmitoyl-d31, 2-
oleoylphosphatidylcholine vesicles applied to
pigskin. Spectra of the (A) 800–1800 cm1 and (B)
2000–2300 cm1 regions are offset from top to bot-
tom (see arrow) in 6 mm increments from the surface.
Acquisition time was 180 s per spectrum. The Phe
ring breathing mode at 1004 cm1 in (A) signifies the
presence of skin and intensity in the CD2 stretching
region (B) arises from the presence of the applied
deuterated lipids.
Figure 6
Depth variation of confocally acquired Raman
intensities for determination of vesicle permea-
tion in pigskin. Data for three confocal lines
separated from each other by a few micrometers,
where 1-palmitoyl-d31, 2-oleoylphosphatidylcholine
(P-d31OPC) (left) or chain perdeuterated 1,2-di-
palmitoylphosphatidylcholine (DPPC-d62) (right) ves-
icles were applied to pigskin. In (A) and (C) the CD2
symmetric stretching intensity measures the depth
of exogeneous lipid penetration and in (B) and (D)
the phenylalanine ring breathing mode marks the
air/skin interface for the P-d31OPC and DPPC-d62
experiments, respectively.
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absence of exogenous lipid at this position. Similarly, the
permeation of DPPC-d62 along another line (Fig 8D) is also
seen to be less than about 15 mm.
Discussion
The ability to delineate the permeation properties of ex-
ogenous materials into the skin bears on several areas of
dermatology research. Transdermal delivery may provide an
effective means to control the time course of drug perme-
ation and release. Many drugs cannot cross the barrier
provided by the SC. As noted in the Introduction, a variety
of skin permeation technologies have therefore been used
to reduce the effectiveness of the barrier. An additional
approach to enhance permeation is the encapsulation of
drugs into liposome-based formulations.
The IR and Raman microscopy approaches described
here may be quite useful in characterizing the extent of
permeation of exogenous substances and the effects they
may have on skin. To assess the mechanism of drug trans-
port, three parameters potentially available from vibrational
imaging are of interest. First, as evident from this study, the
spatial location of both the drug and its delivery vehicle may
be directly detected. Second, it is important to ascertain
whether the skin structure is altered (at both the molecular
and ultrastructural distance scales) by the exogenous for-
mulations. The sensitivity of vibrational spectra to variation
in parameters such as protein secondary structure and lipid
chain packing may provide such information, otherwise un-
obtainable at the molecular level. The utility of vibrational
spectroscopy in this regard will be ascertained in future work.
Finally, it is important to elucidate the detailed permeation
pathway and state of the exogenous substance. The spatial
Figure7
Confocal Raman spectra of chain perdeuterated
1,2-dipalmitoylphosphatidylcholine vesicles ap-
plied to pigskin. Spectra of the (A) 800–1800 cm1
and (B) 2000–2300 cm1 regions are offset from top
to bottom (see arrow) in 6 mm increments from the
surface. Acquisition time was 180 s per spectrum.
The Phe ring breathing mode at 1004 cm1 in (A)
signifies the presence of skin and intensity in the
CD2 stretching region (B) arises from the presence
of the applied deuterated lipids.
Figure8
Lipid permeation into pigskin determined by Ra-
man band area profiles using lateral sampling.
Data were acquired from pigskin samples where 1-
palmitoyl-d31, 2-oleoylphosphatidylcholine vesicles
(A, B) or chain perdeuterated 1,2-dipalmitoylphos-
phatidylcholine (DPPC-d62) vesicles (C, D) were
applied in two separate experiments each. Spectra
were obtained  10 mm below the skin surface. The
area of the CD2 symmetric stretching band is plotted
as a solid line and the Phe ring breathing mode sig-
nifying skin proteins is shown as a dashed line.
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resolution necessary for direct delineation of permeation
pathways may be provided by fluorescence-based micro-
scopic techniques with vibrational spectroscopy providing
information on structural changes accompanying the per-
meation. Changes in the physical properties of both endog-
enous and exogenous components may provide a rational
basis for the design of improved formulations. Extensions of
these experiments (e.g., encapsulation of various actives into
liposomes) will provide this information.
Although these experiments are intended as proof of
principle, namely to demonstrate the ability of vibrational
microscopy to monitor both the exogenous and endogenous
components of a skin sample treated with exogenous lipo-
somes, our initial results bear on two important biophysical
issues that have been studied by other methods, namely, (1)
relative permeation of gel-phase (DPPC-d62) versus liquid-
crystal phase (P-d31OPC) lipid vesicles and (2) the physical
state of the exogenous lipid upon permeation.
Several investigations have probed the influence of the
vesicular lipid phase state on permeation depth. In general,
liquid-crystal state liposomes have been found to be much
more effective for increasing permeation across the SC than
gel-state liposomes. For example, van Kuijk-Meuwissen
et al (1998) suggested, based on CLSM, that a fluorescent
label incorporated into vesicles composed of 1,2-dilauroyl-
phosphatidylcholine/cholesterylhemisuccinate (liquid-crys-
tal state) penetrated to a much greater extent and more
quickly into human skin than comparable gel-state vesicles.
In addition, the results of Coderch et al (1999) indicate high
permeation of sodium fluorescein in disordered vesicles
from soybean PC. Our results for P-d31OPC (liquid-crystal
state), however, differ from the work of Vrhovnik et al (1998),
who concluded from EPR methods that multilamellar lipo-
somes of 1,2-dimyristoylphosphatidylcholine (DMPC)
showed no transport of a hydrophilic spin probe at tem-
peratures above the Tm for DMPC. It is possible that the
degree of disorder or fusogenicity in POPC versus DMPC
vesicles plays a role in the observed differences. Interest-
ingly, IR–ATR measurements have shown that small, unila-
mellar DMPC vesicles at T4Tm permeated full-thickness
human skin (Reinl et al, 1995).
The dependence of permeation depth on the fusogeni-
city of the liposome composition has been examined by
Kirjavainen et al (1996). Using CLSM, they indicate that for-
mulations of 1,2-dioleoylphosphatidylethanolamine/choles-
terol hemisuccinate permeate  20–38 mm in 72 h. In con-
trast, liposomes in the liquid-ordered phase composed of
1,2-dipalmitoylphosphatidylethanolamine/cholesterol hem-
isuccinate penetrate only 9–11 mm. Although our experi-
mental approach differs substantially from the cited studies,
our results for ordered systems (in this case DPPC lipo-
somes in the gel phase) are in good agreement with
Kirjavainen et al (1996). An earlier report explored the per-
meation of substances entrapped in DPPC multilamellar
liposomes (Ho et al, 1985). It was found that these lipo-
somes neither penetrated nor fused with the SC, in excel-
lent accord with our findings.
The second issue upon which these results bear, namely
the physical state of the exogenous lipids upon permeation,
was addressed through the well-known sensitivity of the
methylene stretching modes to acyl chain conformational
order. It is generally accepted that the position of the CD2
stretching mode near 2090 cm1 is very sensitive to chain
conformational order in a manner similar to the CH2 stretch-
ing modes (Snyder et al, 1978), i.e., a lower frequency in-
dicative of more ‘‘all-trans’’ conformers in the chains. An IR
image of the spatial distribution of the CD2 symmetric
stretching frequency for P-d31OPC vesicles applied to skin
is shown in Fig 9B with the optical micrograph for the same
region shown in Fig 9A. In regions where the liposomes are
in contact with the SC, an  1–2 cm1 decrease is ob-
served, consistent with a considerable degree of confor-
mational ordering of the perdeuterated palmitate chain. A
frequency decrease has also been observed in the Raman
spectra of similar samples (not shown). The precision of the
IR measurement is much greater than that of the Raman.
The spatial variation in the CD2 symmetric stretching
frequency and intensity along with the Amide II peak inten-
sity for spectra acquired along the two lines drawn in Fig 9B
are depicted in Fig 9C. The position of the front edge of the
SC is indicated by both a decrease in CD2 frequency and an
increase in Amide II intensity (Fig 9C), consistent with the
optical micrograph (Fig 9A). Using the CD2 intensity as
a qualitative measure for the amount of exogenous lipid, a
sparse vesicle reservoir appears to reside above the skin
surface, with the majority of the deuterated lipid observed in
the epidermal region. Although the band intensity consid-
erably weakens moving deeper into the skin, it remains
above zero for both lines at the 120 mm position, indicating
that a small amount of lipid is present at depths of  90
and 70 mm for the lines drawn at 50 and 200 mm, respec-
tively. At these depths, the CD2 stretching frequency in-
creases, possibly reflecting the epidermal/dermal boundary
and/or changes in hydration.
These observations lead us to suggest tentatively that
disruption of the vesicle structure and subsequent mixing of
the P-d31OPC with the lipids of the SC may have occurred.
Varying views pertaining to this issue have been propound-
ed (see Introduction) and have been reviewed recently by
Bouwstra et al (2003). If on permeation of P-d31OPC into the
SC, the liposomes were to be disrupted, a decrease in the
CD2 stretching frequency might be expected considering
the relatively high concentration of endogeneous (highly or-
dered SC ceramides) compared with exogeneous (initially,
highly disordered P-d31OPC) lipid. Additionally, the CH2
stretching frequency of the endogeneous ceramides might
be expected to increase slightly if mixing takes place.
Measurements of endogeneous ceramide methylene
stretching frequency shifts are confounded by the pres-
ence of the proteated oleate chain in the P-d31OPC vesi-
cles. If, on the other hand, the liposomes were to remain
intact on permeation, the CD2 frequency should remain ap-
proximately constant. We note that the frequency may be
influenced by changes in the degree of hydration; however,
a decrease is observed at the air/SC boundary in both the
air-dried microtomed sections (5 mm thick) used for the IR
measurements and for the hydrated (5 mm thick) sections
sampled by the Raman microscope.
Some comments and caveats are offered in conclusion.
First, in a general way, it is not necessary to utilize isotop-
ically labeled exogenous materials to monitor their perme-
ation with vibrational spectroscopy. It is a straightforward
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matter (Xiao et al, 2004) to use factor analysis or other
multivariate approaches to monitor the spatial dependence
of particular components of the tissue. Univariate measures
were chosen in this study to facilitate connections between
IR microscopic imaging and traditional IR spectroscopy,
which has been widely used in studies of skin and ceram-
ides (Moore et al, 1997a, b; Mendelsohn et al, 2003). Sec-
ond, these experiments (and the earlier Raman results of the
Puppels group: Caspers et al, 1998, 2001–2003; Bakker
Schut et al, 2002; Lucassen and Puppels, 2003) indicate
that there are few, if any, constraints to the study (via the
current methods) of almost any drug delivery vehicle and its
effects on skin currently in vogue. For example, the so-
called ‘‘elastic vesicles’’ utilized by Cevc and Blume (1992),
which penetrate through the SC under non-occlusive
applications, have been suggested to penetrate through
irregularities within the intercellular lipid packing. This
suggestion could reasonably be tested by applying a com-
bination of fluorescence-based and confocal Raman mi-
croscopic techniques.
We recognize that the multilamellar vesicles chosen here
may not be optimal as models for drug delivery vehicles.
They were chosen in this proof-of-principle study to facil-
itate sample preparation and comparison of IR with Raman
results, and because of the intensity of the spectroscopic
signal from these vesicles. Preparations of improved mon-
odispersity will be used in future work to elucidate the lipo-
some size dependence of the permeation, a factor that has
already been shown (Verma et al, 2003a, b) to influence
penetration—i.e., smaller liposomes being more effective.
Finally, we have not elaborated upon the spectral alterations
in the SC or epidermis constituents in those areas into
which liposome permeation has occurred. This important
and technically more difficult issue will be dealt with as well
in future studies.
Materials and Methods
Materials P-d31OPC and DPPC-d62 were purchased from Avanti
Polar Lipids (Alabaster, Alabama) and used without further purifi-
cation. Multilamellar liposomes were prepared at a concentration
of 50 mg per mL by dispersing, under vortex action, a suspension
of the phospholipids in distilled water at temperatures greater than
the gel to liquid-crystalline phase transition (Tm). Skin biopsies from
Yucatan hairless pigs were purchased from Sinclair Research
Center (Auxvasse, Missouri).
Sample preparation All protocols for these studies have been
approved by Rutgers University. For Raman spectroscopy, a 50 mg
per mL solution of liposomes was applied to the SC of intact pig-
skin at a surface coverage of 2 mL per cm2, for a time of  2.5 h.
The sample was kept covered throughout, thereby retarding evap-
oration. After 2.5 h, the pigskin was gently pressed (SC side up)
into a cylindrical opening (  5 mm deep) machined in a brass
block for confocal measurements. For lateral Raman measure-
ments, the pigskin was sectioned perpendicular to the SC and
Figure9
Infrared (IR) imaging analysis of lipid conformational order for 1-
palmitoyl-d31, 2-oleoylphosphatidylcholine (P-d31OPC) vesicles ap-
plied to pigskin. (A) Optical image (120  240 mm) of a 5 mm thick
pigskin section with P-d31OPC vesicles applied to the surface. (B) IR
spectral image of the symmetric CD2 stretching frequency (2092.3–
2094.4 cm1) obtained from the sample shown in (A). (C) Depth var-
iations measured from spectra acquired along the lines drawn in (B) at
the 50 mm (top) and 200 mm (bottom) positions: (i) the wavenumber
value of the symmetric CD2 mode (solid line, left-hand ordinate), (ii) the
intensity of the same mode (long dash, right-hand ordinate), and (iii) the
intensity of the Amide II mode as a marker for the presence of skin
(short dash, right-hand ordinate).
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placed on its side in the brass block. Samples were kept covered
and in contact with a microscope coverslip during data acquisition.
For IR spectroscopy, liposomes were applied to pigskin as
noted above. The tissue was then fast frozen with liquid nitrogen
and stabilized in ice on a chuck within a Bright/Hacker 5030
Microtome (Bright Instrument Company, Huntington, UK/Hacker
Instruments, Fairfield, New Jersey) oriented so that sections (5 mm
thick) could be cut perpendicular to the SC. These were placed on
BaF2 IR windows and used directly for IR imaging without any
further sample preparation. This procedure produced excellent
specimens with minimal ice-induced damage to the tissues.
Raman microscopy Raman spectra were acquired with a Kaiser
Optical Systems Raman Microprobe. The instrument has been
previously described in detail (Xiao et al, 2004). Briefly, excitation
was achieved with a solid-state diode laser generating  4 mW of
single mode laser power at 785 nm. The nominal spot size at the
sample is 2 mm. Spectral coverage is 100–3450 cm1 with a spec-
tral resolution of 4 cm1, whereas data points are encoded
at  0.3 cm1 intervals. The scattered radiation illuminates
a thermoelectrically cooled, near-IR CCD (ANDOR Technology,
South Windsor Connecticut, Model DU 401-BR-DD).
For examination of permeation, confocal (axial) maps were
compared with lateral maps. For the latter, spectra were collected
at a constant depth of 10 mm to minimize refractive index-in-
duced distortions of distance measurements associated with con-
focal microscopy (Everall, 2000a, b; Bruneel et al, 2002) and to
remain beneath areas that may have been damaged because of
sectioning of the sample.
Raman spectral data were converted into a multifile format
using GRAMS/32 (ThermoGalatic, Madison, Wisconsin), and then
downloaded into ISys 3.0 software (Spectral Dimensions, Olney,
Maryland) and baseline corrected before peak heights and inte-
grated band areas were measured.
IR imaging IR microscopic images were acquired with the Perkin-
Elmer ‘‘Spotlight’’ system, which consists of a 16  1 essentially
linear array of detector elements along with a computer-controlled
XY sample stage that is automated to move the sample relative to
the array. Sample sizes were typically 850  700 mm, acquired with
a spatial resolution of 6.25 mm, so that  15,000 complete spectra
were acquired in about 1 h. Spectral resolution was 8 cm1. Spec-
tra were processed off-line with ISys software as noted above. Any
spectral parameter or spectral factor (e.g., arising from protein or
lipid vibrational modes) may be quantitatively analyzed with a va-
riety of univariate or multivariate techniques across the entire set of
spectra.
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